New insights into the workings of the repair enzymes that police the genome for damage to DNA come from the recently determined structures of two uracil-DNA glycosylases.
DNA repair systems have to cope with the formidable array of different types of damage that DNA is prone to. Versatile nucleotide excision-repair systems excise a seemingly limitless variety of natural and unnatural lesions [1] , while more specialized base excision-repair pathways direct their attention to certain specific types of damage that arise frequently [2] . How these systems detect and attack abnormal nucleotides embedded in large amounts of normal DNA, regardless of the local sequence, has been a long-standing question. Two recent reports illuminate this issue for base excision repair by revealing the way that an N-glycosylase embraces its target baseuracil in DNA [3, 4] .
DNA glycosylases hydrolyze the sugar-base (C-N) bond of damaged or inappropriate bases. The first such enzyme was identified more than 20 years ago as an Escherichia coli activity that excises uracil from DNA [5] . Similar enzymes are ubiquitous [3, 4] , and their action is followed by cleavage of the resulting abasic sites by the ubiquitous apurinic/apyrimidinic (AP) endonucleases [2] . Uracil-DNA glycosylases (UDGs) lend themselves particularly well to structural analysis addressing the recognition problem: they are small (25-30 kD), monomeric proteins that remove uracil exclusively; they operate without the need for any cofactors or other proteins; and they are product-inhibited by uracil, which suggests they have a high binding specificity for this base.
Deep pockets
Savva et al. [3] have solved the crystal structure of herpes simplex virus UDG at high-resolution (1.75 A); they have additionally solved the structures of two complexes of this UDG, one with the trinucleotide 5'-p(dT)p(dT)p(dT)-OH, the other with uracil. The overall structuremostly a helix, with a carboxy-terminal --c-p motif--is compact and globular, described as being like a "slightly dented matchbox" [3] in which the 'dent' corresponds to a channel along one side (Fig. la) . A deep pocket forms one end of the channel, and this face of the protein displays the highest concentration of basic residues. This pocket is tightly occupied by uracil in the UDG-uracil complex, with the base forming a network of contacts to the surrounding amino-acid side chains and polypeptide. Notably, these include hydrogen bonds to an invariant asparagine (from uracil atoms N3 and 04 to Asn147), and to several main-chain atoms (from uracil atoms 02 and 04). The uracil is stacked over an invariant phenyalanine ring (Phe 101) and makes van der Waals contacts from atoms C5 and C6 to an invariant tyrosine (Tyr90).
The structure of human UDG reported by Mol et al. [4] has gross features quite different from those of the viral enzyme (Fig. lb) , but it has a similar channel-and-pocket arrangement. Human UDG has an overall a/P structure, with a core formed from a four-stranded, all-parallel 1 sheet surrounded by eight a helices. One end of the 3 sheet forms a tapering groove with a central deep pocket, which harbors many of the highly conserved side chains. This pocket is occupied by 6-aminouracil, which was soaked into the crystal, and the base is anchored by contacts to the same invariant asparagine, phenylalanine and tyrosine residues as in the viral UDG [3] . The existence of a high-specificity pocket for uracil in both enzymes suggests that they recognize and act on this base by rotating the nucleotide out of the DNA double helix, as previously seen for the cytosine-5-methyltransferase of the HhaI restriction-modification system [6] . The somewhat higher activity of UDGs with single-stranded substrates compared to duplex DNA is consistent with such a mechanism.
Discrimination
Key features of UDGs are their inactivity towards RNA and their high specificity for uracil in DNA. The UDG structures suggest in part how this discrimination is achieved. In the uracil-binding pockets of both enzymes, the close contact of the invariant tyrosine to the uracil 5-position predicts a steric clash with a thymine 5-methyl group. Mol et al. [4] note that this tyrosine is held rigidly in position by van der Waals contacts and hydrogen bonds to other side chains. The hydrogen bond system is not complementary to cytosine, and purine bases are excluded by the tight fit to pyrimidines. Savva et al. [3] suggest that discrimination against RNA may be provided in part by the conserved tyrosine making van der Waals contact with the C2' atom of deoxyribose; a clash would result with the 2'-OH of RNA.
In the groove
The channel observed across the face of both viral and human UDGs has features expected for a DNA-binding site. Direct evidence for such binding is provided by Savva et al. [3] , who show that one end of this groove (just at the uracil-binding pocket) is occupied by the trinucleotide in the complex with 5'-p(dT)p(dT)p(dT)-OH. Modeling suggested that a longer polynucleotide could fill the length of the entire groove, and that Bform DNA would have a very good fit. Mol et al. [4] come to a similar conclusion based on modeling studies. A consistent picture emerges in which single-stranded or ) human UDG complexed with 6-aminouracil [4] . Within each structure, the base occupies the high-specificity pocket described in the text.
double-stranded DNA binds in the (electrostatically positive) surface groove of the enzyme, and the target uracil base is flipped out to occupy the deep pocket tightly.
In addition to providing a non-specific anchoring site for the DNA substrate, the groove of UDG may provide another mechanistic function. In the structure of the viral UDG-trinucleotide complex [3] , the 3'-thymidylate nucleotide is trapped at the mouth of the uracil-binding pocket by interactions with the conserved residues Asp 88 and Phe101. This putative trap for a non-target base could provide another level of editing to prevent access of thymine to catalytic groups in the glycosylase.
Despite the overall similarity of the uracil-binding pockets in viral and human UDGs, different hydrolysis mechanisms have been proposed for the two enzymes. Savva et al. [3] envision a nucleophilic attack on the deoxyribose C1' atom by water activated by the invariant Asp 88 of the viral enzyme. In contrast, Mol et al. [4] propose a direct attack on C1' by the invariant His 268 of the human enzyme, with Gln 144 and Asp 145 (equivalent to Asp 88 of the viral enzyme) participating largely through hydrogen bonds to their main-chain atoms. Site-specific mutations of these residues, however, yielded UDGs with < 0.2 % of the wild-type activity, and Asp 145 could not be replaced by glutamate. These effects are unexpected given the non-specific role proposed for Asp 145 in human UDG, but not for the direct role proposed for the homologous Asp 88 in the viral enzyme. Mol et al. [4] also suggested general base catalysis in the UDG mechanism, but involving His268 rather than the aspartate indicated by Savva et al. [3] . The pH-activity profile of human UDG is consistent with a key role for an uncharged imidazole in the reaction, proposed by Mol et al. [4] to be His268, but inconsistent with the mechanism proposed by Savva et al. [3] . This uncertainty about the mechanism underscores the need for fundamental enzymatic studies to complement structural information.
Generality
How widespread in DNA repair might be the UDG-style 'flip-out' mechanism? The idea of an intimate embrace between enzyme and substrate is attractive for highly specific enzymes. Candidates include the tag-encoded 3-methyladenine-DNA glycosylase of E. coli, which is also product-inhibited [7] , the mutY-encoded adenine glycosylase [8] , and the phage T4-encoded pyrimidine dimer-DNA glycosylase [9] . A 'flip-out' mechanism for the latter enzyme would necessitate rotating out of the DNA helix the covalently linked nucleotide pair of a cyclobutane dimer, which might seem arduous and which is not obvious from the reported crystal structure [9] . However, just such a dimer flip-out mechanism has been proposed for the E. coli photolyase -the light-activated enzyme that cleaves pyrimidine dimers -the structure of which displays an obvious pocket where the dimer must bind in a position appropriate for the flavin chromophore to catalyze its light-dependent splitting ( [10] and J. Deisenhofer and A. Sancar, personal communication).
For the less specific enzymes, it is unclear whether an exactly analogous mechanism would apply. For example, the E. coli 8-oxoguanine glycosylase encoded by fpg/ mutM also acts efficiently on fragmented purines (formamidopyrimidines) [8] . Perhaps formamidopyrimidines are bound by the enzyme in a conformation that mimics 8-oxoguanine, a transformation that is readily carried out on paper. In this context, it is interesting to note that this enzyme has a strong preference for the opposite base in the undamaged strand [8] . It might be that the enzyme groups making contact to this 'orphan' base specifically exclude adenine. A complementary situation would obtain for the MutY protein mentioned earlier, which acts on adenine opposite guanine or 8-oxoguanine, but not opposite other bases [8] . E. coli endonuclease III is a DNA glycosylase that acts on an array of different moditications induced by free radicals, ranging from thyinine glycol to 5-methyltartronylurea to urea [2] . It is difficult to envision how so many different damages could be efficiently handled by a tight-fitting pocket. The crystal structure of this protein has not resolved this question.
Flipping-out can certainly be envisioned as a recognition mechanism for other repair activities. The suicidal -that is, self-inactivating -0 6 -methylguanine-DNA methyltransferase of E. coli has a crystal structure in which the active site is buried within the protein; a significant conformational change on the part of the protein is certainly necessary for its action [11] . It is, however, possible that the DNA is also remodeled in the active complex to yield a structure with 0 6 -methylguanine flipped into the protein. AP endonucleases, which cleave DNA at sites of base loss [2] , could flip in rather than out -functional groups on these enzymes could insinuate into abasic sites to allow phosphodiester cleavage.
Search mechanism
While great specificity is achieved by tight binding of a glycosylase substrate within a highly specific pocket, such a structure prompts speculation about the way such enzymes search DNA for targets. UDGs are among the fastest repair enzymes known, and it seems unlikely that they patrol the genome by flipping-out and testing every base. The search mechanism might instead take advantage of additional features of the target base. For uracil, this includes weak stacking interactions with the neighboring nucleotides [4] , which could make this base more prone to flipping out of the DNA. In effect, the enzyme would scan DNA testing initially for thermodynamic weakness of the local helix, and subject to more intimate binding only those bases that flip out. The exciting new structural information now available for UDGs provides a basis for investigating the dynamic search mechanism that so efficiently locates rare uracil bases in DNA.
